I . Short-term effects of infusions of propionate, amino acids and butyrate on gluconeogenesis, as indicated by changes in the irreversible loss of plasma glucose, synthesis of glucose from ruminal propionate or fixation of blood bicarbonate into glucose have been examined in sheep given their daily ration in twenty-four equal portions at hourly intervals.
I n ruminants, gluconeogenesis increases during pregnancy (Bergman, 1963 ; Ford, 1963; Steel & Leng, 1968) and lactation (Annison & Linzell, 1964; Bergman & Hogue, 1967) and decreases during starvation (Annison & White, 1961 ; Kronfeld & Simesen, 1961 ; Leng, 1970~) . This apparent adaptation of gluconeogenesis to different physiological conditions suggests that ruminants possess well-controlled mechanisms for the regulation of this process. Recent evidence indicates that the quantity and quality of the diet is an important factor controlling gluconeogenesis in sheep (Ford, 196 j ; Judson, Anderson, Luick & Leng, 1968; Judson & Leng, 1968) .
The present experiments were designed to measure short-term effects of infusions of propionate, amino acids and butyrate on the rate of gluconeogenesis in sheep given a roughage diet. The rate of incorporation of carbon-14 from ruminal propionate or blood bicarbonate into plasma glucose was used as an index of gluconeogenesis.
E X P E R I M E N T A L

Animals and diet
Thirteen Merino ewes or wethers, aged 3-5 years, were housed in single pens. They were given a daily ration of 800 g lucerne chaff having a digestible energy and crude protein content of about 7.95 MJ and 97 g respectivcly (Judson & Leng, 1973) .
Road, Adelaide, South Australia, 5000, Australia. Eleven sheep were fitted with ruminal cannulas and two with abomasal cannulas. Five of the sheep with ruminal cannulas were each prepared with an indwelling nylon catheter in a mesenteric vein (Moodie, Walker & Hutton, 1963) . The catheters were flushcd daily with physiological saline and refilled with heparinized saline (60 i.u./ml). Care was taken to minimize the entry of heparin into the animal by withdrawing the residual heparinized saline before flushing with saline.
All surgical operations were performed at least 4 weeks before the start of the experiment.
Experimental procedures
Sheep werc given their daily ration of 800 g lucerne chaff in twenty-four equal portions at hourly intervals, and were also given intravenous infusions of [U-14C]-glucose, [6-3H] glucose and NaH14C0, and intraruminal infusions of [z-14C] propionate as previously described (Judson & Leng, 1973) .
Sodium propionate, sodium butyrate or enzymic-hydrolysed casein (Sigma Chemical Company, St Louis, Missouri, USA) were administered to sheep after a period in which pre-infusion values were obtained for the concentration and specific radioactivity (SR) of metabolites isolated from blood and ruminal fluid as described for glucose infusions (Judson gi Leng, 1973) . Sodium propionate and butyrate were of analytical reagent grade and only traces of other volatile fatty acids (VFA) were detected by gas-liquid chromatography. These salts were dissolved in distilled water and infused intravenously through the mescnteric vein catheter or intraruminally (for propionate solutions) at rates of 0*2-0*6 ml/niin. Physiological saline was infused at 0.2 ml/min into the intramesenteric vein catheter during the 'control' period of the experiment. When sodium propionate was infused intraruminally during infusions of [2-14C] propionate, the separate leads carrying these substrates to the animal were joined by a Y-piece to the infusion probe within the rumen so that the infused propionate and isotope were mixed before their distribution within the rumen.
CJaemical analysis and determination of radioactivity
Methods used for the determination of glucose, lactate and urea concentrations in plasma, total concentrations of VFR and molar percentages of individual VFA in ruminal fluid and the isolation of propionate from ruminal fluid, glucose from plasma and bicarbonate from blood and their assay for radioactivity have been given previously (Judson & Leng, 1973) . Two blood samples of equal volume, taken at 20-30 min intervals immediately before or during the completion of the propionate and butyrate infusions, were bulked and the VFA isolated as described by Annison & Lindsay ( 1961) for chromatography of individual VFA. Plasma a-amino nitrogen concentrations were determined by the colorimetric method of Rosen (1957) 
Calculations
The irreversible loss of metabolite and the net rate of synthesis of glucose carbon from ruminal propionate or blood bicarbonate were calculated as previously described (Judson & Leng, 1973) . versible loss of plasma glucose (Y,, mg/min) was linearly related ( P < 0.001) to the quantity of propionate infused intraruminally ( X p , mmol/min) and was described by the equation:
These results are given in Fig. 3 . The broken line on Fig. 3 is a confidence interval 
4-Intraruminal inhsions.
4 Isobutyric, isovalcric and valeric acids in the approximate molar proportions of 2:4: I in the mean concentration of plasma glucose vms not correlated (f' > 0.05) with the marked increase in the irreversible loss of plasma glucose (see Fig. 4 ) or with the rate of infusion of propionate (Fig. 5) . Plasma lactate concentrations also generally increased during an kfusion of propionate to attain approximately constant values about 2 h after the start of the infusion (see Fig. I ). Fig. 5 shows the non-significant ( P > 0.05) relationship between the changes in the mean concentration of plasma lactate and propionate infusions. The molar proportion of propionate in VFA isolated from peripheral blood also increased as the propionate increased (Table I) . Urea concentrations in plasma were significantly depressed (P < 0.01) with intravenous infusions of propionate at 0-99 mrnol/min. Mean concentrations for three samples taken immediately before and between the 3rd and the 6th hour of a propionate infusion were respectively 52 and 47 for sheep 140, and 51 and 42 for sheep 143.
Effect of propionate infusions on the $fixation of blood bicarbonate into glucose
Since only two reactions, catalysed by propionyl-Cod carboxylase and pyruvate carboxylase, fix bicarbonate carbon into glucose precursors, the total incorporation of carbon-14 into glucose during constant infusions of NaH14C0, is an indication of the extent of gluconeogenesis through these two pathways.
Mixtures of NaH14C0, and [6-3H]glucose were infused intravenously, and the carbon-14 fixed into glucose and the irreversible loss of glucose were measured before and during intravenous infusions of propionate (see Fig. I ). The plateau SR of blood bicarbonate attained during the pre-infusion period was maintained during infusions of propionate but the SR of glucose carbon increased to a plateau 2-3 h later. The mean values for the plateau SR of glucose before and during the propionate infusion were significantly different (P < 0.05)~ indicating a small increase in the proportion of glucose carbon entering through bicarbonate fixation reactions ( Table 2) . [U-14C] glucose, decreased for about the first 3 h of the propionate infusion before attaining a plateau value. The proportion of plasma glucose oxidized apparently decreasedlduring infusions of sodium propionate but the apparent rate of glucose oxidation was not altered ( P > 0.05) since there was an increase in the irreversible loss of plasma glucose.
Effect of propionate ox glucose synthesis from propionate Intraruminal infusions of sodium propionate resulted in an increase in the measured production rate of propionate in the rumen (see example in Fig. 2 ) but the increment was less than the rate of addition of propionate (see Table 4 ). This increment in propionate production rate, expressed as a percentage of the rate of infusion of propionate, was uncorrclated with the rate of infusion (P > 0.05) and its mean value was 45 & 6-4 "/b.
The proportion of propionate in total VFA and the concentration of propionate in ruminal fluid also increased in response to propionate infusions ( Table 3) . The concentrations d the VFA usually became approximately constant about 2 h after the start of the propionate infusion. The decreased proportion of other VFA was usually associated with a decrease in the concentration of these acids in ruminal fluid (sce also Fig. 2 ). The production rate of propionate ( Yp, mmol/min) during intraruminal infusions of sodium propionate was linearly related (P < 0.001) to the concentration of ruminal propionate ( X c , mmol/l). The relationship between Yp and X, was :
where n is the number of experiments. The regression coefficient for propionate concentration was similar to the value of 0.0344 derived by Leng (19706) for the regression coefficient relating these variables in sheep on a wide variety of diets.
The effect of infusion of propionate into the rumen on the net rate of glucose synthesis from ruminal propionate was studied by using, simultaneously, an intravenous infusion of [6-3H] Table 4) .
Effect of infusions of a mixture of amino acids on glucose synthesis Kesponses in the irreversible loss of plasma glucose and in the fixation of carbon into glucose from blood bicarbonate to intra-abomasal infusions of enzymic-hydrolysed casein were measured in two sheep by using intravenous infusions of a mixture of [6-3H] glucose and NaH14C0,, lasting about 15 11. The casein, varying between 57 and 159 mg of total amino acids/min, was administered during the last 7 h of this infusion of isotopes at two different successive rates of equal duration. An example of the results obtained is given in Fig. 6 .
In general, the concentrations of glucose, urea and a-amino nitrogen in plasma increased but varied only slightly after each infusion of casein hydrolysate had been in progress for about 1-5-2 R. The from each other.
-f- attained after the 3rd hour of the infusion (see Fig. 6) . The approximately constant SR values of carbon of plasma glucose and blood bicarbonate, labelled with NaH14C03,
were not altered by infusing casein. A summary of the results appears in Table 5 .
The increment in the irreversible loss of plasma glucose (q, mg/min) was linearly related ( P < 0.001) to the rate of infusion of casein hydrolysate ( X A , mglmin). The relationship between yI and . U, was:
Eflect of infusions of butymte on glucose synthesis from propionale Two sheep were given, simultaneously, an intravenous infusion of [6-3H]glucose and an intraruminal infusion of [2-l4C] propionate, lasting about 14 h. Sodium butyrate was infused into a mesenteric vein during the last 6 h of the tracer infusions at 0.25 mmol/min for 3 h and increased to 0.50 mmol/min for a further 3 h. Responses in the SR and concentration of plasma glucose to butyrate in each sheep were similar and the mean results are shown in Fig. 7 . A transient increase in plasma glucose concentration concomitant with a decrease in the SR of glucose occurred immediately after the start of the butyrate infusion. These values returned to approximate pre-infusion values within 2 h and were not altered by the additional infusion of butyrate.
The irreversible loss of plasma glucose and the net rate of synthesis of glucose from propionate are given in Table 6 and were calculated from a consideration of the plateau SR values of glucose immediately before and during the butyrate infusion. Estimates of glucose synthesis from propionate during the transient increase in plasma glucose concentrations, calculated by using the SR values associated with the maximum response recorded in glucose concentration, are included in Table 6 . These calculations indicate that although the proportion of plasma glucose derived from ruminal propionate decreased markcdly during the transient change in glucose production, the net rate of glucose synthesis from propionate was altered only slightly.
Mean concentrations of p-hydroxybutyrate and urea in plasma before and during infusions of butyrate are given in Table 6 . In general, the concentrations of phydroxybutyrate and urea increased and decreased respectively in response to butyrate but these changes were usually not significant (P > 0.05). 
D I S C U S S I O N
Effect of propionate on gluconeogenesis Wc have demonstrated that an increased availability of propionate in sheep given a lucerne diet stimulated an increase in the irreversible loss of plasma glucose and that this increase appeared to be dependent on the quantity of propionate infused. The response in glucose production to intraruminal infusions of propionate was due to an increase in synthesis of glucose from ruminal propionate. Similarly, the marked increase in the rate of fixation of carbon from blood bicarbonate into plasma glucose when propionate was infused into the mesenteric vein suggests an increased rate of 1 Approximate values corresponding to the initial hyperglycaemic response to the butyrate infusion (see p.
189).
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gluconeogenesis. The extra glucose was probably synthesized from infused propionate since intraportal infusions of sodium propionate have been shown to increase the proportion of plasma glucose derived from propionate in fed sheep (Bergman, Roe 8z Kon, 1966) . The apparently greater response in gluconeogenesis to intravenous than to intraruminal infusions of propionate (see Fig. 3 ) may have been due to the accumulation of sodium propionate in the rumen inhibiting microbial production of propionate. The procedure used in this study for measuring the propionate produced in the rumen is unlikely to result in appreciable error (see Leng, 197ob) and it seems likely that the consistently lower increment in rate of production of propionate compared with the rate of addition of propionate to the rumen was real.
There is evidence that rate of growth of ruminal micro-organisms increases upon dilution (El-Shazly & Hungate, 1965; Hobson, 1965; Hobson & Summers, 1967) , which may indicate a possible inhibitory effect of end-products of microbial metabolism (Walker & Forrest, quoted by Walker, 1965) . Propionate absorbed from the rumen of the sheep is largely removed from portal blood in its passage through the liver (Annison, Hill & Lewis, 1957; Cook & Miller, 1965; Bergman & Wolff, 1971) . The capacity of the liver or other tissues to remove propionate, however, was apparently exceeded in the present study, when propionate was infused into either the rumen or mesenteric vein. Smith & Marston (1971) calculated from in vitro studies that the maximum rate of utilization of propionate by liver of a 30 kg sheep was about 0-5 mmol/min, equivalent to the synthesis of approximately 45 mg glucose/min if all the propionate was converted into glucose. This estimate of glucose synthesis from propionate is only about half the recorded maximum production of glucose from ruminal propionate in our study (see Table 4 ). In the intact animal, the conversion of propionate into glucose or into other glucogenic precursors may have occurred also in tissues other than liver.
Krebs & Yoshida (1963) , and Weidermann & Krebs (1969) have shown that kidney cortex slices from sheep readily form glucose from propionate. However, the contribution of this organ to total glucose synthesis in the intact sheep appears to be quantitatively insignificant (Kaufman & Bergman, I97I), but this may not be SO when circulating levels of propionate or lactate are raised by infusions of propionate.
Rates of production of lactate may have increased with propionate infusions, as indicated by the increased concentrations of plasma lactate (Annison, Iindsay & White, 1963) . In support of this suggestion Leng, Steel & Luick (1967) reported that as much as 70% of the ruminal propionate converted into glucose in fed sheep first formed lactate and Annison, Leng, Lindsay & White (1963) showed that intraportal infusions of substantial quantities of [14C]propionate into anaesthetized sheep also led to the labclling of lactate. It is possible that much of this lactate was produced from propionate by extrahepatic tissue such as ruminal epithelium (see Pennington & Sutherland, 1956; Taylor & Ramsay, 1965) and that its subsequent conversion into glucose by liver or kidney tissue provided a significant proportion of the glucose synthesized during propionate infusions.
Lactate, however, may also have been produced from propionate in liver (Leng & Annison, 1963) and from the resulting increase in glucose utilization during pro-pionate infusions, although the latter pathway was probably not of importance since Judson & Leng (1973) Rallard, Hanson & Kronfeld, 1969) . Any synthesis of lactate from propionate in liver probably occurs by the oxidation of succinate to oxaloacetate and the conversion of the latter into phosphoenolpyruvate before the synthesis of pyruvate and lactate. Extensive conversion of propionate into lactate in liver during propionate infusions could indicate that the activity of pyruvate kinase or the activity of cnzyme(s) distal to phosphoenolpyruvate in the gluconeogcnic pathway were limiting glucose synthesis.
Most of the glucogenic intermediates in ruminants enter the tricarboxylic acid cycle before they are oxidized or converted into glucose (see Black, Egan, Anand & Chapman, 1968; Leng, 1970~) . The apparent suppression of the contribution of substrates other than propionate to glucose synthesis during intraruminal infusions of propionate (Table 4 ) was probably largely due to their dilution in the tricarboxylic acid cycle of the hepatic cell by propionate (and lactate or other glucogenic precursors arising from propionate metabolism in extrahepatic tissue), particularly as the percentage of propionate absorbed from the rumen and converted into glucose was not markedly altered but provided a greater proportion of the glucose synthesized. A possible increase in protein synthesis or decrease in protein catabolism with VFA infusions, as indicated by a diminution in the plasma concentration of urea (present study) and amino acids (Potter, Purser & Cline, 1968; Halfpenny, Rook & Smith, 1969 ) is unlikely to result in any marked reduction in the availability of amino acids for gluconeogenesis since with butyrate infusions glucose synthesis from propionate or other precursors was not altered.
Effect of amino acids on ghconeogenesis
Amino acid carbon is believed to be a main source of glucose carbon in ruminants, Because of the large number of glucogenic amino acids the measurement of the proportion of plasma glucose derived from amino acids in the intact animal is difficult, particularly as the SR of the circulating amino acids may not be representative of those amino acids converted into glucose (see Reilly & Ford, 1971) . In our study a constant infusion of NaHI4CO3 was administered intravenously with [6-3H]glucose to determine the rate and indicate the source of substrate for glucose synthesis in sheep given intra-abomasal infusions of enzymic-hydrolysed casein.
The quantity of hydrolysate infused into thc abomasum was positively correlated with the increase in irreversible loss of plasma glucose. The contribution of amino acids to glucose synthesis may have increased as indicated by the raised levels of aamino nitrogen and urea in plasma. It is unlikely that any amino acids from the casein hydrolysate reached the large intestine since casein placed into the abomasum of sheep at comparable rates is completely digested and absorbed (Reis & Schinckel, 1961 ; Blaxter & Martin, 1962) . Reilly & Ford (1971) showed that the rate of con-Vol. 29 
Control of gluconeogenesis in sheep I93
version of amino acids into glucose was linearly related to the production rate of plasma amino acids. Although only two animals have been examined it appears from a consideration of equation 3 that for every IOO g casein hydrolysate administered to sheep approximately 13 g of extra plasma glucose were synthesized. This is considerably less than the theoretical maximum of about 57 g glucose if all the gluconeogenic amino acids were deaminated and converted into glucose (Krebs, 1964) . Lindsay & Williams (1971) reported an increased production of glucose of 27-60 g/d in fed sheep when given an intra-abomasal infusion of 100 g casein daily for 3 d. The increase in glucose production, however, need not indicate the quantity of glucose derived from the infused substrate as discussed earlier for intraruminal infusion of p4C]propionate. If infused amino acids did contribute substantially to glucose synthesis in our study, it is of interest to note that the proportion of glucose carbon derived from blood bicarbonate was not altered. Casein is composed of a high proportion of glucogenic amino acids which do not require a carboxylation step for their conversion into glucose. (1965) have shown that injections of butyrate produce a hyperglycaemic response in ruminants. In the present study the transient increase in plasma glucose concentration initiated by intramesenteric vein infusions of small quantities of sodium butyrate (0.25 mmoI/min) was not associated with any change in the net rate of conversion of ruminal propionate to plasma glucose. Further, it is unlikely that this transient increase in glucose production was due to the stimulation of pyruvate carboxylase activity since plasma lactate is labelled extensively during intraruminal infusions of [2-14C]propionate (Leng et al. 1967) .
Eflect of butyrate on gluconeogenesis
The most probable explanation for thc transient increase in the rate of glucose production in sheep was the mobilization of liver glycogen. Phillips et al. (196j) have reported that an increased phosphorylase activity in the liver of lambs given injections of sodium butyrate was associated with the hyperglycaemia. This effect of butyrate is believed to be mediated by increased secretions of glucagon (Phillips, House, Miller, Mott & Sooby, 1969) . In the present study infused butyrate entered the general circulation and could have stimulated glucagon secretion by the pancreas (Phillips & Black, 1966; Manns, 1969) .
The increases in the concentration and production of plasma glucose obtained with infusions of propionate, amino acids or butyrate were usually of sufficient magnitude to suppress glucose synthesis in fed sheep (see Judson & Leng, 1973) . Judson & Leng (1973) Kipnis, 1968) and there is some evidence that the absorption of amino acids from the alimentary tract may initiate insulin release in sheep (Bassett, Weston & Hogan, 1971) . However, associated increases in glucagon secretion were also possible with infusions of propionate (Manns et al. 1967; Manns, 1969; Bassett, 1971) or amino acids (see Qhneda, Parada, Eisentraut & Unger, 1968) which may have antagonized glucose-mediated or insulin effects on glucose synthesis. Antagonistic actions of glucagon and insulin are indicated from studies with rat liver (see Exton, Mallette, Jefferson, Wong, Friedmann, Miller & , Park, 1970) and they are probably best explained by their interaction in the adenyl cyclase system (Exton, Jefferson, Butcher & Park, 1966) .
The maximum rates of glucose synthesis recorded in our study with infusions of propionate or casein hydrolysate were considerably less than those reported for pregnant or lactating sheep (see Lcng, 1970~) . However, the increased response in glucose synthesis to these infusions were linear, indicating that the maximum capacity of the animal for gluconeogenesis was not attained, especially if these two substrates were additive in stimulating gluconeogenesis. The availability of these substrates may in part account for the differences in the irreversible loss of plasma glucose in sheep p e n roughage diets of different energy and protein content (Ford, 1965;  Judson 2 3 Leng, 1968) . I n accord with this suggestion Katz & Bergman (1969) reported that hepatic glucose production in sheep was greatest 2-4 h after feeding, which probably coincided with maximum production of the glucogenic precursors propionate and microbial protein in the rumen (see Gray, Weller, Pilgrim & Jones, 1966) .
I n conclusion, whenever extra gluconeogcnic substrates were given to sheep its rate of synthesis of glucose increased, indicating that the animal has at all times a capacity to synthesize more glucose than it apparently does. Approximately one-third of the substrate added was channelled into glucose. The control of glucose metabolism in ruminants appears to be centred around the availability of glucogenic precursors and the effect these have on hormonal secretions, particularly those of the pancreas.
We gratefully acknowledge financial support from the Australian Wool Research Committee.
